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We propose a new analogue model of gravity - the evolving quark gluon plasma (QGP) produced
in relativistic heavy ion collisions. This quark gluon plasma is the “most inviscid” fluid known.
Such low kinematic viscosity is believed to reflect strongly correlated nature for QGP in these
experiments. Hence, it may provide a good example of a quantum fluid naturally suited to studies
of acoustic Hawking radiation. Due to rapid longitudinal expansion, presence of a sonic horizon is
also naturally guaranteed here, though, in general, this horizon is not static. Using Ultra relativistic
quantum molecular dynamics (UrQMD) simulations, we show that, under certain conditions, the
longitudinal velocity of the plasma, near the sonic horizon, can become time independent for a
short span during the evolution of the system. During this period, we can have a conformally
static acoustic metric with a (conformal) Killing horizon coinciding with the apparent horizon. An
asymptotic observer will then see a thermal flux of phonons, constituting the Hawking radiation,
coming from the horizon. For the relatively low energy collision considered here, where the resulting
QCD system is governed by non-relativistic hydrodynamics, we estimate the Hawking temperature
to be about 4-5 MeV (with the temperature of the QCD fluid being about 135 MeV). We discuss
the experimental signatures of this Hawking radiation in terms of a thermal component in the
rapidity dependence of the transverse momentum distribution of detected particles. We also discuss
extension to ultra-relativistic case which should lead to a higher Hawking temperature, along with
the effects of dynamical horizon leading to blue/red shift of the temperature.
I. INTRODUCTION
One of the startling and not classically intuitive char-
acteristics of a black hole is its evaporation. Hawking
had shown that black holes spontaneously emit thermal
radiation, named after him as Hawking radiation, at a
temperature TH = 1/8piM (in natural units), M being
the mass of the black hole [1]. For a stellar mass black
hole of mass M ≈ M ≈ 1030kg, the Hawking temper-
ature turns out to be TH ≈ 10−7K, which is much less
than the temperature of cosmic microwave background
radiation. So, at present stage, it is virtually impossible
to detect Hawking radiation through astronomical obser-
vations.
Hawking radiation is an artefact of the way quantum
fields behave in curved spacetime. Interestingly, it so
happens that in an inviscid fluid with barotropic equation
of state and irrotational bulk velocity, acoustic perturba-
tions in the velocity potential obey an equation which
is identical to the Klein Gordon equation satisfied by
a massless scalar field in curved spacetime [2]. Thus,
the acoustic perturbations perceive an effective acoustic
spacetime whose geometry is determined by the bulk ve-
locity profile, density and pressure of the fluid. If the
fluid flows in such a way that there exists a surface on
which at every point the inward normal component of
the fluid velocity becomes equal to the speed of sound
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in the fluid and becomes supersonic beyond it, then all
acoustic perturbations originating in the supersonic re-
gion are swept inwards by the flowing fluid. This sur-
face acts as a horizon for acoustic perturbations, thus
forming an ‘acoustic black hole’ or a ‘dumb hole’. Un-
ruh chose a spherically symmetric, stationary, convergent
background flow to construct an analogue of the space-
time outside a Schwarzschild black hole and showed that
quantised acoustic perturbations could be emitted from
the horizon of such a dumb hole with a thermal spec-
trum, just like the emission of radiation from a black hole
horizon via Hawking radiation [2, 3]. A disconcerting as-
pect of this remarkable find is that it requires the quan-
tisation of linearised acoustic perturbations in a classical
fluid! In reality, to see Hawking radiation in alternate
systems, we need a quantum analogue model that can
be described in terms of a classical effective background
spacetime with some standard relativistic quantum fields
living on it [4]. Quantum fluids like superfluid helium,
Bose Einstein condensates (BEC), photon fluid etc. are
promising in this regard (for a review, see [4, 5]). In fact,
very recently, correlation between Hawking particles and
their partners beyond the acoustic horizon of analogue
black holes have been observed in a series of experiments
using one dimensional flowing atomic condensates [6–8].
A novel system which is yet to be explored from this
perspective is the longitudinally expanding quark gluon
plasma (QGP) created in relativistic heavy ion collisions
(HIC). Here, two heavy nuclei, moving at speeds close
to the speed of light, c, collide and move through each
other. Owing to the extremely high temperature and
density produced during collision, a quark gluon plasma
is formed. This plasma fills up the space between the
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2two receding nuclei which continue to move away from
each other at speeds approaching the speed of light, c. It
is obvious that the fluid velocity becomes supersonic at
some surface within the plasma leading to the formation
of an acoustic horizon. A very important observation re-
garding the QGP produced in relativistic heavy-ion col-
lisions at very high energies (e.g. at RHIC and at LHC)
is that the produced QGP is the “most inviscid” fluid
known with the lowest value of shear viscosity to entropy
density ratio, η/s, of all known fluids. This was a very
surprising result, as the expectation was that such a QGP
system would be close to the ideal gas limit with corre-
sponding large viscosity. Such a low value of kinematic
viscosity is believed to reflect the strongly correlated na-
ture of QGP in these experiments and is referred to as
sQGP (strongly correlated QGP). Hence, this QGP sys-
tem may provide a good example of a quantum fluid,
fulfilling all the requirements for the presence of acoustic
Hawking radiation. Additionally, this gravitational anal-
ogy can unravel facets of the plasma that have remained
hidden otherwise.
For ultra-relativistic collisions, the resulting QGP sys-
tem is expected to follow Bjorken’s longitudinal boost in-
variant expansion model during early stages. Here, flow
velocity has only z-component vz (along the beam axis),
with the scaling law vz = z/t as measured in the centre
of mass frame. t = 0 corresponds to the instant when
the two (highly Lorentz contracted) nuclei overlap. Sub-
sequently, the nuclei go through each other, and while re-
ceding away, populate the intermediate region with QGP
resulting from interactions of partons in the colliding nu-
clei. As mentioned above, after the nuclei go through
each other with speed close to the speed of light, the
flow velocity of the plasma exceeds the sound velocity at
some location in the region in between the receding nu-
clei which become the locations of the acoustic horizon.
It is easily seen that with Bjorken longitudinal scaling
expansion, vz = z/t, the acoustic horizon is not static,
rather it moves away from the centre of the collision at
the speed of sound.
This is not the usual picture of acoustic black hole
where horizon is supposed to be static, leading to the
standard picture of Hawking radiation. The situation of
dynamical horizon for black holes has deep conceptual is-
sues, and has been extensively discussed in the literature
(see for example [9] and references therein). Intuitively
one may expect that a horizon receding away from the
asymptotic observer should lead to red-shifted Hawking
radiation while a horizon moving towards the observer
will lead to blue shifted radiation. For an acoustic black
hole horizon which is moving away with speed of sound
(as in Bjorken’s scaling expansion model), one will then
expect infinite redshift, making the Hawking radiation
unobservable.
However, Bjorken’s scaling expansion model is not
strictly valid for the entire plasma region, even for ultra-
relativistic case. For large rapidity regions, especially
near the receding nuclei, one expects significant devia-
tions from the scaling law due to non-trivial gradients of
energy density and pressure. Certainly, for low energy
collisions, the scaling law is not valid even in the central
regions. In such situations, the velocity of the acoustic
horizon may be much smaller than the speed of sound.
In fact, as we will see below for simulations with low en-
ergy collisions, in certain cases the acoustic horizon may
even move towards the asymptotic observer located at
the centre, instead of receding away. Additional rich-
ness in the motion of acoustic horizon can result from
non-trivial dependence of the speed of sound on energy
density and pressure. To allow for these different possibil-
ities, one has to consider the issue of Hawking radiation
with dynamical horizon. This being a complex issue, we
postpone its discussion for future work. In the present
work we confine our attention to specific situations in
which, due to a balance between the decreasing veloci-
ties at a given point due to longitudinal expansion, and
acceleration due to non-trivial pressure gradients, one is
able to achieve almost static acoustic horizon for few fm
duration of time. This becomes a conceptually clean case
where the conventional calculations of Hawking radiation
can be employed. This situation is achieved in simula-
tions at relatively low collision energies, and naturally
we find the resulting Hawking temperature to also have
a small value, about 4 MeV (with the fluid temperature
being about 135 MeV). Though, this is a small value, and
may be difficult from observational point of view, this
case illustrates the existence of this novel phenomenon of
Hawking radiation from acoustic black holes in heavy-ion
collisions. We expect much higher temperatures for the
ultra-relativistic case, along with effects of red/blue shift
of the Hawking radiation due to dynamical horizon.
We start with a brief overview of our system in the
following section and show how an effective dynamical
acoustic metric may be obtained under certain simplify-
ing assumptions. In section III, we first check for lo-
cal thermodynamic equilibrium in the plasma created
in collisions at a suitably chosen centre of mass energy
using ‘Ultra relativistic quantum molecular dynamics’
(UrQMD) simulations and then determine the space and
time dependence of its longitudinal velocity. This gives
the important result that there is a small window of
about 2 fm time during the evolution of the plasma when
its longitudinal velocity becomes almost time indepen-
dent in the region around the sonic horizon. Confining
ourselves to this tiny window, in section IV, we write
down the corresponding acoustic metric which is static
but for a spacetime dependent conformal factor. We de-
duce the surface gravity of the (conformal) Killing hori-
zon and the Hawking temperature that an asymptotic
observer would measure. Asymptotic observer here cor-
responds to the central location z = 0 where the fluid
velocity is zero, reducing the acoustic metric to a (con-
formally) flat metric. We discuss the issue of non-trivial
conformal factor on Hawking temperature which, by suit-
able normalisation of the acoustic metric, can be taken to
be 1 in the asymptotic region at a given time. We discuss
3the effect of its time dependence on the Hawking radia-
tion observed by the asymptotic observer. Finally, in
section V, we discuss observational prospects of acoustic
Hawking radiation in this new analogue model of gravity
and conclude by pointing out scopes for improvement of
this first study, in particular, extension to the relativistic
hydrodynamics case and consideration of dynamical hori-
zon. A comment on notation: we use Greek alphabets to
denote spatial indices and lowercase Latin alphabets to
denote spacetime indices.
II. THE SYSTEM
In a general heavy ion collision, two heavy nuclei (like
Pb, Au) approach each other along a line, collide and pass
through each other in opposite directions. The collision
may be central, with full overlap of the colliding nuclei or
non-central, with partial overlap. The colliding nuclei are
accelerated to very high speeds and owing to the high en-
ergy of collision, a quark gluon plasma (QGP) is formed
(or a hadronic system, at low energies). After attaining
local thermodynamic equilibrium, in the hydrodynamic
limit, the plasma behaves as an almost ideal fluid (for
ultra-relativistic collisions). This ideal fluid nature of the
produced QGP is one of the most important, and surpris-
ing, results from these experiments and is deduced from
the measurements of elliptic flow in non-central collisions
[10].
In fact, the resulting quark gluon plasma (e.g. at RHIC
and at LHC) is the most ideal fluid known to exist in
nature, with a value of kinematic viscosity lower than
any other known material in nature [10]. The plasma
initially acquires only a longitudinal velocity from the
colliding nuclei and has zero velocity in directions along
the transverse plane (transverse to the beam direction).
At this point, to visualise the scenario, we introduce a
laboratory observer whose frame coincides with the cen-
tre of mass (CoM) frame of the colliding nuclei and is
oriented such that the z axis lies in the longitudinal di-
rection. The time of collision is denoted by t = 0. Figure
1 schematically represents the situation at a particular
instant of time after collision. Initially, the three velocity
of the plasma has the form vα(t, x, y, z) = (0, 0,±vz(t, z))
where the upper and lower signs denote velocities of the
plasma in the right (z > 0) and left (z < 0) half spaces
respectively. |vz| ranges from zero at z = 0 to almost the
speed of light close to the receding nuclei. Let (t, x, y, z)
and p(t, x, y, z) be the energy density and pressure of the
plasma respectively, related by a barotropic equation of
state (EoS) p ∝  [11–15].
Now, we make three simplifying assumptions to be em-
ployed while viewing the system as an analogue model of
gravity. Firstly, we assume that the velocities vx, vy can
be ignored in comparison to vz not only near t = 0 but
for later times too. Next, we impose longitudinal symme-
try on the system owing to which the variables ~v, , p will
be functions only of time t and position along the z axis.
receding nucleusreceding nucleus
transverse plane
z
Figure 1. Schematic representation of quark gluon plasma
formed by the collision of two heavy (Lorentz contracted) nu-
clei. For illustration purpose, longitudinal direction is exag-
gerated. For the time scales relevant, longitudinal dimension
of the system is much smaller than the transverse dimension.
As discussed above, these are valid approximations as
for the early stages of the evolution, for time scales much
smaller than R/c where R is the transverse dimension,
and for transverse dimensions smaller than the radius of
the colliding nuclei, Bjorken’s longitudinal scaling model
is applicable [16]. Thus, the velocity field can now simply
be written as vα(t, z) = (0, 0,±vz(t, z)). The monotonic
increase of |vz| from zero to values close to the speed of
light in each half space ensures that somewhere in each
half of the expanding plasma, |vz| crosses the sonic value
and an acoustic horizon is formed.
The dynamics of the quark gluon plasma should be de-
scribed by relativistic equations for the conservation of
energy and momentum as the plasma velocity takes rela-
tivistic values and its equation of state is that for a rela-
tivistic fluid. However, as a first approximation towards
constructing a new analogue model of gravity, in this
work we pretend to forget this and use non-relativistic
hydrodynamics instead. This is not unreasonable, as for
the actual QGP system, we will restrict to fluid velocities
of order, and less than, the sound speed which will be less
than 1/
√
3 (in units of speed of light, c). Thus, relativis-
tic corrections will not be very large. For the equation of
state part, we are only assuming a barotropic equation of
state, so the rela ivistic aspect of equation of state is not
playing a major role here. Second point is that, at lower
energy heavy-ion collisions, one forms a hadronic fluid
which for large baryon densities will be close to a non-
relativistic system. Certainly, the kinematic viscosity for
such a system will be larger, still quantum correlations
may be important here as well. So, hopefully quantum
nature of the fluid may still be applicable, even for the
hadronic system. In fact the UrQMD simulation we have
carried out, deals only with hadronic degrees of freedom,
and we include only nucleons (protons and neutrons),
4so our non-relativistic treatment is consistent with that.
Under this approximation, the mass density ρ(t, z) of the
plasma becomes relevant in place of the energy density
(t, z) and the barotropic condition is ρ(p). We consider
the stage when thermal equilibrium has been attained
(to a good approximation, as discussed below) so that
nucleons follow a Fermi Dirac distribution with a large
value of the baryon chemical potential, (instead of the
Boltzmann velocity distribution which holds for longer
times [17]). Thus quantum statistics is relevant, again
justifying the quantum nature of the fluid.
When talking about the acoustic spacetime, we intend
to restrict ourselves to the region −∞ < z ≤ 0. This
ensures that the plasma flows towards decreasing val-
ues of the longitudinal coordinate z. The velocity field
vα(t, z) = (0, 0,−vz(t, z)) is naturally irrotational, thus
allowing us to express the velocity ~v(t, z) in terms of a
scalar velocity potential ψ(t, z) as ~v = ~∇ψ. (This situ-
ation is expected during the early stages of central col-
lision. In a peripheral collision, the velocity may not be
irrotational over the whole transverse plane.)
With these assumptions in place, the plasma satisfies
all the criteria necessary for the construction of an ana-
logue model of gravity. Hence, we can directly write down
the effective acoustic metric emerging in this plasma, in
coordinates (t, x, y, z) [3, 18, 19]:
ds2 =
ρ(t, z)
cs(t, z)
[
− (cs(t, z)2 − vz(t, z)2) dt2
+ 2vz(t, z)dtdz + dx2 + dy2 + dz2
]
. (1)
Here, cs(t, z) is the speed at which acoustic perturbations
propagate in the fluid and is defined by c2s = ∂p/∂ρ.
(Note the relativistic form of the acoustic metric, with
speed of light c replaced by the sound speed cs, even
though the starting fluid equations are non-relativistic
[3].) This metric is qualitatively similar to a time depen-
dent, spherically symmetric metric written in Painleve´-
Gullstrand coordinates [18] except that the spatial part
in the latter has spherical symmetry while ours has lon-
gitudinal symmetry. At z = 0, vz = 0 and the above
metric reduces to that of a flat spacetime. An apparent
horizon or marginally outer trapped surface forms at a
value of z implicitly defined by
|vz(t, zH)| = cs(t, zH) (2)
since the plasma becomes supersonic in the region with
z < zH and any acoustic perturbation from this super-
sonic region is unable to travel upstream against the flow
and cross the horizon. We could have shifted the origin
of our longitudinal coordinate z by a constant amount
through a change of coordinates from z → z˜ = z+ 10fm
(say) such that the acoustic horizon and the region out-
side it lied at positive values of z˜. This, however, is re-
dundant and we do not employ it. The acoustic metric
contains a time and position dependent overall conformal
factor, but the location of the acoustic horizon as defined
here does not depend on it.
III. URQMD ANALYSIS FOR ACOUSTIC
BLACK HOLE HORIZON
Search for local thermal equilibrium
The UrQMD (Ultra relativistic Quantum Molecular
Dynamics) is a dynamical transport model based on an
effective solution of the relativistic Boltzmann equation
used to describe the time evolution of a many-body sys-
tem by using covariant equations of motion. UrQMD can
simulate various systems e.g. p + p, p + A, and A + A
collisions at energies ranging from several MeV to sev-
eral TeV per nucleon laboratory energies. The underly-
ing degrees of freedom of UrQMD are hadrons (baryons,
mesons and their antiparticles), their excited states, and
resonances. UrQMD also includes string excitation and
fragmentation (treated according to the LUND model
[20–22]), formation and decay of hadronic resonances as
well as rescattering of hadrons. At low energies (
√
s < 5
GeV), it deals with phenomenology of hadronic inter-
actions by considering hadrons, their excited states and
resonances. At higher energies (
√
s > 5 GeV), it incor-
porates string mechanism for hadronic interaction, string
excitation and its subsequent fragmentation into multi-
ple hadrons. The original and hybrid versions (including
intermediate hydrodynamic stage) of this model can suc-
cessfully describe features of data sets acquired at various
colliding energies e.g. SPS, RHIC energies etc [23, 24].
We use urqmd-3.3p2 model [25] to generate 5000 events
at different times for Au-Au central collisions with labo-
ratory energy of 10.7 GeV (BNL-AGS Experiment) [26–
34]. (We have taken these parameter values for the col-
lisions as sample values to demonstrate the possibility
of acoustic black hole horizon and associated Hawking
radiation in relativistic HIC.)
We start our analysis from time 6 fm (after the colli-
sion) by considering only nucleons, that is, protons and
neutrons. A hydrodynamics description of the system
is possible only after local thermodynamic equilibrium
(LTE) has been attained. To check this, usually one takes
a cubic or spherical cell around the centre of the system.
We begin with a cubic cell of volume 5×5×5 fm3 centred
around the centre of mass of the system located at z = 0.
We follow the procedure of [17] to check for equilibrium
in this cell. First we need to verify whether the velocity
distributions dNdvα vs. v
α obey Maxwell Boltzmann (MB)
velocity distribution given by dNdvα = e
−mN (v
α)2
2T and over-
lap with each other. Here dN is the number of nucleons
in the velocity bin dvα with vα denoting the velocity of
individual nucleons in α = x, y, z direction, mN is the
mass of a nucleon and T is the temperature of the cell.
If these distributions overlap with each other, that is, if
the momenta of the particles are isotropic, local thermal
equilibrium is possible in this cell. We find that for our
choice of cell dimension, a time of 6 fm is too short for
achieving local thermal equilibrium. In this time, the
transverse and longitudinal Maxwell Boltzmann velocity
5distributions do not overlap. In fact, the longitudinal ve-
locity distribution does not even follow a Maxwell Boltz-
mann distribution at 6 fm time. Full equilibrium can be
achieved in such a cell only around 13 fm time.
However, it is not necessary for the cell to be cubic or
spherical and we find that when we take a rectangular
cell with its longitudinal or z sides much smaller than
the other two, we can get full equilibrium by 6 fm time.
This is reasonable as the longitudinal velocity of particles
has extra non-equilibrium contribution from the collision
geometry, and this component becomes significant away
from the centre of the collision in the longitudinal di-
rection. In particular, we take a cell of 5 × 5 × 0.5 fm3
and at 6 fm time, the Maxwell Boltzmann velocity distri-
butions of all velocity components are found to overlap
[35]. The momentum spectrum of nucleons dNdpα vs. E,
with pα and E being the αth component of three mo-
mentum and energy of a nucleon respectively, follows a
Fermi Dirac distribution, 1exp[(E−µB)/T ]+1 , and by fitting,
we obtain the temperature of the cell to be ∼ 154 MeV.
Here, µB is the baryonic chemical potential. Note that
here we are performing low energy collisions and taking
the cell to be smaller in the z direction. So, baryon den-
sity and baryon chemical potential are significantly high,
especially at 6 fm time. This makes quantum statistics
significant. In fact, all three overlapping velocity distri-
butions show some deviation near the tail from Maxwell
Boltzmann velocity distribution. For longer times, Boltz-
mann distribution is good enough for fitting [17].
For hydrodynamic description of the system, local
thermal equilibrium is required not only in the central
cell, but in the off-centred cells as well. It is not guar-
anteed that off-centred regions would equilibrate at the
same time as a central cell if we choose them to be of
identical dimensions. By allowing the cell shape and size
to vary with position, we are able to achieve local ther-
modynamic equilibrium simultaneously in a fairly large
part of the system, thereby justifying a fluid description
of the system.
Locally static acoustic horizon in the plasma
In the centre of mass frame, considering both the left
and right half spaces, the longitudinal Maxwell Boltz-
mann velocity distribution of the particles, dNdvz vs. v
z, in
an appropriately chosen cell at the origin, is symmetric
about z = 0 while the same in an off-centred cell is asym-
metric about the value of z corresponding to the centre
of that cell. If we do a Lorentz transformation in the z
direction of longitudinal velocities of the particles such
that the latter also becomes symmetric, we arrive at a
frame comoving with the fluid at that specific value of z.
Knowing the amount of Lorentz velocity transformation
that brings us to this comoving frame, we can determine
its velocity relative to the centre of mass frame. Clearly,
this is nothing but the velocity of the fluid at that par-
ticular z, as measured in the centre of mass frame. We
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Figure 2. Longitudinal velocity of nucleonic fluid |vz| (in
units of speed of light, c) vs. |z| at different times. Plot
showing that acoustic horizon first moves towards the centre
of the plasma, then remains fixed at |z| ≈ 2.5 fm for a time
duration of 2 fm (9− 11 fm), and then moves outward.
would like to mention that the detailed calculation of
plasma velocity has been performed for the region where
z ≥ 0. Due to symmetry of collision about z = 0, similar
behaviour should hold for z ≤ 0 region also. In this way,
we can find the velocity of the fluid at different points in
the region 0 < |z| < 5 fm at different times. The result
is plotted in figure 2 and shows the following features:
1. for 0 < |z| < 4 fm, the general behaviour is that at
a fixed z, |vz| initially increases with time and then
starts decreasing. The time at which this transition
occurs depends on z, happening earlier at higher
values of |z|;
2. for 4fm < |z| < 5fm, |vz| is monotonically decreas-
ing.
This behaviour cannot be explained if we na¨ıvely as-
sume Bjorken expansion [16] for the plasma. Bjorken
boost invariant longitudinal velocity for high energy col-
lisions has a time and position dependence of the form
vz ∼ z/t [16] but holds only for collisions with large cen-
tre of mass energy. At such collision energies, there is
a wide plateau like region in the plot of rapidity distri-
bution and vz ∼ z/t holds in this flat region [16]. For
ultra relativistic heavy ion collision, due to small nuclear
stopping between the colliding nuclei, charged particle
multiplicity distribution shows a wide plateau in the mid
rapidity region and in these cases Bjorken’s picture pro-
vides a good description of the strongly interacting mat-
ter in the mid rapidity region. But for low energy colli-
sion with large nuclear stopping, Bjorken picture is not
appropriate to describe the baryon rich plasma in the
mid rapidity region[16]. In our simulations, the centre
of mass energy of the collision is low. This results in a
narrow rapidity distribution which in turn gives rise to
a strong pressure gradient along the z direction in the
6plasma. This pressure gradient accelerates the plasma in
the region 0 < |z| < 4 fm but dies off near |z| = 4 fm
and beyond that, the longitudinal velocity at any fixed
|z| decreases with time owing to expansion.
In [17], the authors determine the equation of state
for a hadronic system produced by the same collision
occurring at the same energy as considered here, in the
time interval 10 fm−18 fm to be p ' 0.12 in the central
cell. Note, that the equation of state does not vary during
this interval. Thus, the hadronic system has a constant
speed of sound given by cs = 0.35 (in units of c) in this
period. If we assume that the same equation of state
remains valid in the preceding time interval of 6 fm −
11 fm and is applicable to off-centred cells too, then an
acoustic horizon is formed in the plasma at the position
where
|vz(t, zH)| = 0.35. (3)
Figure 2 reveals an interesting behaviour of this acous-
tic horizon - in the beginning, from time 0 fm− 9 fm, it
moves towards lower values of |z|, then remains static at
|z| ' 2.5 fm for a duration of about 2 fm and again starts
moving after t ≈ 11 fm, but now towards higher values
of |z|. Even if the speed of sound in the plasma has some
other constant value, we would get a similar behaviour
of the horizon as long as 0 < cs < 0.58 (beyond this
value, there is no time period over which one gets static
horizon, in figure 2). Though, for low energy collision,
it is improbable that cs would reach 0.58. Of course,
the associated time intervals in such situations would be
different. However, if the speed of sound varied tempo-
rally and spatially, it would not be possible to predict
the evolution of the horizon without explicitly knowing
cs(t, z). On the other hand, if we had considered high
energy collisions, like those occurring at RHIC and LHC,
a strong pressure gradient would occur only for values of
z corresponding to the decaying part of the rapidity dis-
tribution. In such situations, the speed of sound in the
plasma would also increase to about 0.58. So, a similar
evolution of the acoustic horizon could be expected.
IV. SURFACE GRAVITY AND HAWKING
TEMPERATURE
In figure 2, the curves corresponding to t = 9 fm and
t = 11 fm almost overlap upto |z| ≈ 4 fm. For cs ≈ 0.35,
the acoustic horizon lies close to |z| ≈ 2.5 fm during this
time interval. Remember that we have decided to look at
the analogue spacetime emerging only in the plasma oc-
cupying the left half space (see figure 2). Regions of the
acoustic spacetime with z < −2.5 fm lie inside the acous-
tic black hole. Hawking radiation occurs from the part
of spacetime lying just outside the horizon, but to ex-
perimentally identify signatures of this radiation, it may
be necessary for us to probe the region lying inside the
horizon too. Otherwise, from the point of view of a grav-
itational analogue, it is only the spacetime outside the
horizon that is of concern to us. Now, an almost time in-
dependent profile of vz in the interval 9 fm < t < 11 fm
for −4 fm < z < 0 offers us the great advantage of ap-
proximating the general dynamical metric of Eq. (1) as
a conformally static one given by:
g =
ρ(t, z)
cs
[
− (c2s − vz(z)2) dt⊗ dt+ 2vz(z) dt⊗ dz
+ dx⊗ dx+ dy ⊗ dy + dz ⊗ dz
]
(4)
= Ω(t, z) g˜ (5)
where Ω(t, z) = ρ(t,z)cs is a conformal factor depending on
position in the acoustic spacetime. At first, we ignore the
conformal factor. This brings us to a static acoustic met-
ric g˜ that is qualitatively similar to a static Schwarzschild
metric written in Painleve´-Gullstrand coordinates with
longitudinal symmetry instead of spherical symmetry. It
has a timelike Killing vector field k˜a = (1, 0, 0, 0) [36].
This normalisation naturally gives
g˜(k˜, k˜) = −(c2s − vz(z)2)
which gives g˜(k˜, k˜) = −c2s at z = 0 ensuring that k˜
matches with the four velocity of an observer in the
asymptotically flat region of the acoustic spacetime (note
the difference with general relativity where the speed of
light is set to unity). The apparent horizon defined by
cs(zH) = |vz(zH)| is also a Killing horizon for k˜ since
g˜(k˜, k˜) = 0 on this surface. The surface gravity κ˜ of a
Killing horizon is defined by the relation
∇a
(
g˜bck˜
bk˜c
)
= −2κ˜g˜abk˜b (6)
For the metric g˜, a simple calculation gives
κ˜ = (c′s − (vz)′)
∣∣
H
and as cs is constant in our model, we simply have
κ˜ = −(vz)′|H . (7)
Since, (vz)′|H is negative, κ˜ remains a positive quantity.
Now, under the conformal transformation
g˜(t, z)→ g(t, z) = Ω(t, z) g˜(t, z), (8)
k˜ will remain a Killing vector field if
k˜(Ω) = k˜0∂0Ω = 0. (9)
Otherwise, k˜ becomes a conformal Killing vector field
and the Killing horizon a conformal Killing horizon:
g(k˜, k˜)|H = Ω|H g˜(k˜, k˜)|H = 0. The definition of sur-
face gravity by Eq. (6) is conformally invariant even if k˜
7doesn’t remain a true Killing vector field because, on the
(conformal) Killing horizon,
∇a(gbck˜bk˜c) = ∇a(Ωg˜bck˜bk˜c)
= g˜bck˜
bk˜c∇aΩ + Ω∇a(g˜bck˜bk˜c)
= −2Ωκ˜g˜abk˜b
= −2κ˜gabk˜b. (10)
The first term in the second equality vanishes because on
the Killing horizon g˜(k˜, k˜) = 0. However, for κ˜ to be the
surface gravity measured by an asymptotic observer in a
spacetime with metric g, the normalisation of k˜ has to be
appropriately changed: k˜a → ka = 1√
Ω(t,0)
k˜a such that
g(k, k)|z=0 = Ω(t, 0) g˜(k, k)|z=0 = g˜(k˜, k˜)|z=0 = −c2s.
(11)
The new surface gravity κ is obtained using the defining
relation
∇a(gbckbkc) = −2κgabkb. (12)
This makes
κ =
κ˜√
Ω(t, 0)
(13)
and it is the surface gravity measured by an observer
in the conformally flat asymptotic region of the acoustic
spacetime with metric g. Such an observer sees a thermal
spectrum of spontaneous radiation, the Hawking radia-
tion, emanating from the (conformal) Killing horizon and
when the corresponding (conformal) Killing vector field
is normalised such that it matches with her four velocity
in the asymptotic region (as done in Eq. (11)), she finds
that this radiation is at a temperature [37]
T =
κ
2pi
=
κ˜
2pi
√
Ω(t, 0)
=
T˜√
Ω(t, 0)
. (14)
Here, T˜ would have been the temperature measured by
her if she were in the spacetime with metric g˜.
We now note that the acoustic metric in Eq. (1) is de-
rived starting from (non-relativistic) fluid equations that
allow the freedom to multiply the metric by an overall
constant. We utilize this to replace the conformal factor
Ω(t, z) in Eq. (4) by Ω(t, z)/Ω(t0, 0). We take t0 to be
some value in the time interval (9 − 11) fm relevant for
our discussion in this section. Thus, in the asymptoti-
cally flat region, at z = 0, the new normalised conformal
factor becomes unity at t = t0 and the temperature, as
measured by the asymptotic observer, becomes
kBT = − ~
2pi
(vz)′|H (15)
Here, we have restored the fundamental constants ~, kB
in the expression for Hawking temperature. Over the
time period 9 fm < t < 11 fm, the central density actually
decreases. Asymptotic value of the conformal factor then
does not remain 1, changing to Ω(t,0)Ω(t0,0) < 1 for t > t0. For
1-d expansion, central density decreases linearly, so for
t0 ∼ 10 fm, the change in density is about 20 % in a
time duration of 2 fm (t ∼ (9 − 11) fm). The proper
time for the asymptotic observer is then changed by the
factor
√
Ω(t, 0)/Ω(t0, 0), which is about 10% (for density
change of order 20%). The temperatures measured by the
asymptotic observer are then blue shifted by this amount.
Thus, we conclude that the temperature observed by the
asymptotic observer (at z = 0) is given by Eq. (15),
with the value possibly increasing by about 10% due to
decreasing central density. (Even though we have avoided
consideration of dynamical horizon here, it is tempting
to point out that for earlier time period (t < 9 fm), the
sonic horizon actually moves towards z = 0. One should
then expect blue shifted Hawking radiation as observed
by the asymptotic observer at z = 0.)
Before we discuss estimate of this temperature, it is in-
structive to derive this temperature using imaginary time
formalism. For this we start with the following expres-
sion for the acoustic metric in (τ, x, y, z) coordinates:
ds2 = Ω(τ, z)
[
− (c2s − vz(τ, z)2) dτ2
+
[
δαβ +
vαvβ
c2s − v2
]
dxαdxβ
]
. (16)
Here, vα = δαβv
β . This metric is related to the one in
Eq. (4) by a coordinate transformation from t→ τ [3]:
dτ = dt+
~v.~dx
c2s − v2
(17)
with velocity along z-axis. (Note that in the conformal
factor, the density now depends on the new variable τ .)
We get,
ds2 = Ω(τ, z)
[
− c2sdτ2f(z) +
dz2
f(z)
+ dx2 + dy2
]
(18)
where
f(z) = 1− v
z(z)2
c2s
(19)
For the near horizon geometry, we expand f(z) about
z = zH for z > zH ,
f(z) =
∂f(z)
∂z
∣∣∣∣
zH
(z − zH) (20)
using f(zH) = 0 as v
z(zH) = cs. We now define coordi-
nate ρsp which is the proper distance from the horizon
(subscript sp is used to distinguish from the notation ρ
used for density).
dρsp =
dz√
f(z)
=
dz√
f ′(zH)
√
z − zH
(21)
8Integration gives
ρsp = 2
√
z − zH√
f ′(zH)
(22)
With this we can express f(z) as a function of ρsp
f(z) =
ρ2sp
4
f ′(zH)2 ≡ f(ρsp). (23)
The near horizon metric then becomes
ds2 = Ω(τ, z)
[−K2ρ2spdτ2 + dρ2sp + dx2 + dy2] , (24)
where
K =
f ′(zH)cs
2
= −(vz)′(zH), (25)
as vz(zH) = cs. Rest of the procedure is standard. We
go to the Euclidean space with τ → −iτE :
ds2 = Ω(τ, z)
[
K2ρ2spdτ
2
E + dρ
2
sp + dx
2 + dy2
]
= Ω(τ, z)
[
ρ2spdθ
2 + dρ2sp + dx
2 + dy2
]
, (26)
where θ = KτE . The two dimensional space spanned by
(ρsp, θ) has a conical singularity at ρsp = 0 i.e. the loca-
tion of the horizon, unless θ is periodic with a period of
2pi. Since, there is no physical singularity at the horizon,
we must have θ ∼ θ + 2pi. This implies that τE is also
periodic:
τE ∼ τE + 2pi
K
(27)
We thus conclude that the quantum fields in this space-
time (which are fluctuations in the velocity potential) will
be in thermal equilibrium with a temperature T ,
T =
K
2pi
= − (v
z)′(zH)
2pi
(28)
which is the same as obtained earlier in Eq. (15). The
remaining argument is same as that following Eq. (15).
Suitably normalising by the factor 1/Ω(τ0, 0), we con-
clude that the temperature observed by the asymptotic
observer at (z = 0) is given by the above equation. (It
is important to note that the conformal factor now de-
pends on τ , so the value τ0 will correspond to t = t0
at z = 0.) Further, following the same argument about
the effect of decrease in the central density on the con-
formal factor (as after Eq. (15)), we conclude that the
observed temperature may be larger by about 10% (when
density decreases by about 20% for the relevant duration
of time).
We now estimate the value of temperature. The rele-
vant parts of the plots in figure 2 lie between |z| = 2− 3
fm. Recall that we had chosen to confine our attention
to the region z < 0. The horizontal axis then should be
read as negative values of z. To calculate (vz)′(zH) we
use plots for t = 9 and t = 11 fm between z = −3 and
z = −2 fm, as this encloses the value vz(zH) = cs = 0.35.
We get (vz)′(zH) ' 0.12 fm−1. The value of temperature
is then
kBT = ~
(vz)′(zH)
2pi
' 0.12
2pi
fm−1 ' 4 MeV (29)
The temperature can increase by about 10 % due to de-
crease in central density by about 20% for the relevant
time period. (We again mention that for t < 9 fm, the
sonic horizon actually moves towards the asymptotic ob-
server at z = 0. From general physical consideration, one
will expect higher value of the Hawking temperature due
to the blue shift of the radiation.)
V. OBSERVATIONAL PROSPECTS AND
CONCLUSION
As the temperature of the plasma, even at low colli-
sion energies considered here, is about 135 MeV, it may
be difficult to observe the signature of Hawking temper-
ature of about 4-5 MeV. For this it is important to note
that we expect this Hawking temperature to be coming
from the region of acoustic horizon which will be away
from the central region (where the plasma temperature is
maximum). The expected temperature for large rapidity
regions is expected to be smaller, which may help in iden-
tifying the signal here. For observations, we recall that
the acoustic metric is the metric seen by perturbations in
the velocity potential for the plasma flow. Thus a thermal
component for this will amount to thermal perturbations
in velocity in a given region. In standard hydrodynamical
models (e.g. in Bjorken’s longitudinal expansion model),
plasma flow has a scaling relation vz = z/t which leads
to definite rapidity for the particles coming from the lo-
cal plasma. Hawking thermal radiation contribution will
then amount to a thermal component in the rapidity vari-
able in a given region. One will then expect that rapid-
ity dependence of particle distributions, specifically, say,
rapidity dependence of transverse momentum pT distri-
butions of particles should have a thermal component.
Thus, while fitting the observed rapidity dependence for
these distributions, one should allow a thermal part in
the rapidity distribution. We plan to discuss explicit sig-
nal for this Hawking temperature in future. Our purpose
in the present work was to illustrate the basic physics of
the phenomenon, and demonstrate its existence for this
system in specific conditions.
For the present work, we have avoided the issue of
dynamical horizon so that conceptual issues do not over-
shadow the main physics we want to illustrate, the possi-
bility of observing Hawking radiation from acoustic black
holes in heavy-ion collisions. Due to this limited focus, we
have found a narrow window of time t of about 9−11 fm
during which static horizon could be achieved. If freeze-
out happens much later, then this thermal component
may get lost in subsequent thermalisation. In such a sit-
uation, one may be able to observe this signal in terms
9of thermal photons and di-leptons which come out of the
QGP region without scattering. Rapidity dependence of
distribution of these particles should then contain a hid-
den signal of a thermal stage for the rapidity variable,
even for a short period of time.
As we discussed above, we restricted to low energy
collisions because here static horizon could be achieved
rather easily, even without considering possible variations
in the sound velocity. As the Hawking temperature is re-
lated to the velocity gradient, for ultra-relativistic colli-
sions, where thermal equilibrium is reached very quickly
(in times much less than 1 fm for LHC energies), the ve-
locity gradient will be far larger, leading to large Hawk-
ing temperature. It is very unlikely to get static acoustic
horizon in those case, however, due to non-trivial energy
density/pressure gradients, it may be possible to make
the velocity of acoustic horizon could much smaller than
the sound velocity by suitable choices of nuclei and col-
lision energies. With proper consideration of dynamical
horizons then, a large Hawking temperature may be pos-
sible in those cases. Relevant fluid equations will then
be relativistic hydrodynamics equations. Acoustic met-
ric for relativistic hydrodynamics have been discussed in
the literature [38, 39], and we plan to discuss this very
exciting possibility in future.
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